Abstract. The slow crack growth resistance is one of the key factors to improve the service life of the plastic pipes. The high-density polyethylene (HDPE) pipes were prepared using a self-made electromagnetic dynamic plasticating extruder, which applied a vibration force field to the entire plasticating and extrusion process by the axial vibration of the screw. The slow crack growth resistance of HDPE pipes prepared by static extrusion and vibration extrusion was investigated. The effects of the vibration force field on the slow crack growth resistance of HDPE pipes were studied by DSC and WAXD analysis. The results showed that HDPE pipes prepared by vibration extrusion had higher melting temperature, higher crystallinity, larger crystal sizes, thicker lamellas and more perfect crystals. At the same time, the quasi net structure of the HDPE pipes chains can be obtained. All these are favorable for the improvement of the slow crack growth resistance property HDPE pipes.
Introduction
Plastic pipes are widely used in many fields. Compared with metal pipes, plastic pipes have many advantages such as superior corrosion resistance, small flow resistance, easy installation, good sealing performance and low comprehensive cost. Under a certain pressure, the plastics pipe can successfully replace the metal pipes. The HDPE pipes are widely used in gas and water transmission (including building, municipal construction, farmland irrigation, etc.) because of their excellent comprehensive properties. It is necessary to study the influence factors of HDPE pipes in order to ensure their service lifes. Generally, the failure forms of PE pipes are mainly divided into three types: ductile failure, brittle failure and oxidative damage.The brittle failure is the main form of the failure of the PE pipes during the practical application which is caused by the slow crack growth under low stress condition. The PE gas pipes are widely used in the world, which greatly promotes the research on the slow crack growth of the pipes [1] . The slow crack growth resistance is one of the key factors to improve the service life of the plastic pipe. Currently at home and abroad, most of the researches are made from chemical polymerization to prepare high performance PE pipe material to improve the slow crack growth resistance [2] . In addition, it is an economical and practical method to optimize the performance of materials by changing the processing conditions to improve the condensed state structure of polymers. A vibration force field introduced into polymer processing is one of the effective methods [3] [4] [5] [6] . The previous researches [5] [6] showed that the circumferential strength and axial strength of the HDPE pipes improved, that is to say, a biaxial self-reinforcement pipe can be obtained by introducing the vibration force field into the entire extrusion molding process of the HDPE pipes by the electromagnetic dynamic plasticating(EMDP) extruder for plastics. In this paper, the effect and mechanism of vibration force field on the slow crack growth resistance of HDPE pipes were mainly studied to provide a theoretical and experimental basis for the development and improvement of the high performance pipe resins.
Experimental

Material
The material was HDPE grade GF4760, provided by China National Offshore Oil Corporation and Shell Petrochemicals Company Ltd., with a melt flow rate of 0.25 g (10 min) -1 measured at 190 ℃ under 2.16 kg.
Apparatus
The apparatus used in this experiment consisted of a self-made EMDP extruder (model SJDD-260), a spiral mandrel die and auxiliary equipments.
The EMDP extruder was used to prepare the HDPE pipes and its schematic drawing was shown in Figure 1 . The barrel and screw were inserted into a motor cavity and the screw was fixed to the rotor coaxially. The screw can rotate periodically along with the rotor induced by the electromagnetic coil. At the same time, the back side of the screw was fixed to the metal plank of the vibration inducer, which made the screw vibrate in the axial direction along with the metal plank. The vibration frequency and amplitude could be adjusted by the vibration inducer independently. The vibration was superposed on the whole plasticating and extrusion process by the screw. This is called vibration extrusion. If the screw did not do axial vibration, the extruder was equivalent to a traditional single-screw extruder. In this case, it is mentioned as conventional static extrusion. The diameter of the screw was 30 mm and the L/D ratio was 23:1. The die was a self-made spiral mandrel die. The auxiliary equipments were composed of vacuum sizing box, traction device and cutting device. The vacuum sizing box and traction device were made by Zhangjiagang Wansu Co. Ltd., China.
Sample Preparation
The extrusion temperature profile used for HDPE was 190, 210, 210 and 195 ℃ from the hopper to the die, the screw rotating speed was maintained at 60 rpm. Firstly, the HDPE pipes were extruded by conventional static extrusion, then extruded by vibration extrusion.
The diameter and wall thickness of the final HDPE pipes obtained in this experiment were 30, 2.2 mm, respectively.
Slow Crack Growth Test
According to GB/T 19279-2003 (eqv ISO13480:1997 , the pipe ring of specified length from HDPE pipe sample was prepared and a specially designed brass cone was inserted into the pipe ring to keep the constant strain. At one end of the pipe ring which was fully tightened by the cone, an incision with initial axial length 10mm was cut. Then, the pipe ring was immersed in the specified surfactant solution (temperature:80 ± 1 ℃ ) with 5% polyoxyethylene nonylphenol. The crack length was measured at regular intervals.
Differential Scanning Calorimetry (DSC) Investigation
DSC studies were conducted on a NETZSCH DSC204 differential scanning calorimeter, which scanned at 10 ℃/min in the temperature range of 25-180 ℃ in a nitrogen atmosphere. Each sample was weighed 5 mg. All results were recorded for the first heating of the samples. The DSC peak separation technique was adopted using the PEAK SEPARATION software provided by NETZSCH Corp. in the DSC204 equipment.
DSC can be used to obtain the crystal fusion heat of PP. The crystallinity of the samples can be calculated with the following equation: 
Wide-Angle X-ray Diffraction (WAXD) Investigation
WAXD experiments were conducted using a RIGAKU D/MAX-Ⅲ A X-ray diffractometer. A conventional Cu Kα X-ray tube at 40 kV and 30 mA was applied to obtain WAXD spectrum. WAXD intensities were recorded from 2θ = 3° to 2θ = 50° in transmission mode on samples at a scan step of 0.02°. The average crystalline sizes (crystalline domain size) were calculated by the Scherrer equation [7] :
where hkl L is the crystalline domain size (in nm), K is the shape factor of the crystalline (
 is the wavelength (in this experiment  = 0.15406 nm),  is the diffraction angle (in degree) and B is the full width at half maximum of the hkl peak (in radian).
hkl L is considered as an average crystalline dimension perpendicular to the reflection planes (hkl). Figure 2 shows increment of crack length of HDPE pipes with test time. Note that F represents vibration frequency and A represents vibration amplitude, respectively. The data points where vibration frequency is 0 or vibration amplitude is 0 represent the samples prepared by conventional static extrusion. From Figure 2 , it can be seen that the slow crack growth of HDPE pipes prepared by vibration extrusion is similar to the pipes by static extrusion, both with crack induction period and time. Steady crack growth period as two stages. It is found that the induction period of slow crack increment of HDPE pipes prepared by vibration extrusion prolongs, which indicates that the slow crack growth resistance can be improved. During the steady crack growth period, the data is processed by linear regression, and the crack growth rate of HDPE pipes can be obtained, as shown in Table 1 . Combined with Figure 1 and Table 1 it can be seen that the crack length increment of HDPE pipes becomes large with the increase of time, however, compared with the pipes prepared by static extrusion, the crack growth rate of the pipes by vibration extrusion is less, which shows that the vibration extrusion can improve the slow crack growth resistance of HDPE pipes, and these are of great significance for the pipes application. Figure 3 show DSC curves of HDPE samples obtained by static extrusion and vibration extrusion. The curves are vertically offset for clarity. It can be seen that the shape of the melting peak is very similar, but the melting temperature of the vibration extrusion sample is higher than that of the static extrusion sample, which means that the more perfect crystals exist in vibration extrusion sample. When vibration frequency is 14 Hz and vibration amplitude is 200 μm, the melting temperature increases 1.5 ℃ from 133.7 to 135.2 ℃ compared with the static extrusion sample. With increase of vibration amplitude or frequency, the melting temperature of the sample has a tendency to increase. The calculated crystallinity values of HDPE samples are given in Table 2 . Some increase in the melt enthalpy in the vibration extrusion samples can be found in comparison with the static extrusion samples. Therefore, the crystallinity of the vibration extrusion sample is higher than that of the static extrusion sample. When vibration frequency is 14 Hz and vibration amplitude is 200 μm, the crystallinity increases 3.41 % from 57.61 % to 61.02 % compared with the static vibration samples. Furthermore, the crystallinity of the sample shows an increasing trend with increase of vibration amplitude or frequency. These DSC results mean that the vibration extrusion can make HDPE melt form crystal nuclei more easily and facilitate the perfection of the crystals. 
Results and Discussion
Slow Crack Growth Test Result
DSC Analysis
WAXD Analysis
The average crystalline sizes for the static extrusion and vibration extrusion samples are listed in Tables 3. It can be found that the average crystalline sizes of (110) and (200) crystalline planes of the vibration extrusion samples calculated from the WAXD curves are all bigger than those of the static extrusion samples. This means that the crystals of the vibration extrusion samples have got sufficient growth when the HDPE melt cooled and crystallized, and the crystal sizes become larger, more perfect crystals can be obtained. 
Mechanism of Effect of Vibration Extrusion on Slow Crack Growth of HDPE Pipes
According to the molecular structure mechanism of slow crack growth, the slow crack growth mechanism of PE is generally understood based on the PE crystal structure model [1] , as shown in Figure 4 . PE is a semi-crystalline polymer with high crystallinity, but amorphous parts still exit in the lamellas inside the polymer. Generally, there are three amorphous molecular chain morphologies in the lamellas with folding and orderly arrangement molecular chain, namely, the first one is the suspended molecular chain which is extended from the lamellas, the second is the molecular chain ring whose both ends are in the same lamellas, the third is the tie molecular chain whose both ends link two adjacent lamellas. The brittle slow fracture behavior occurs commonly under low stress condition, at this time, the tie molecular chains begin to disentangle and relax, as time goes on, less bear alternating load, which leads to stress concentration and the brittle failure of the pipes happens [1] . Therefore, the damage caused by slow crack growth of PE pipes under low stress condition is generally considered to be caused by the disentanglement of tie molecular chain. And the disentanglement speed is closely related to the tie molecular chains and the crystalline structure. Therefore, the quantities、states of the tie molecule and the lamellas thickness and completeness are the key factors to control the slow crack growth of pipes [1] . From above experimental results, it can be seen that the HDPE samples prepared by vibration extrusion have higher crystallinity, higher melting temperature, larger crystal sizes, thicker lamellas and more perfect crystals, which indicates that the vibration force field introduced by the axial vibration of the screw can make the HDPE melt form crystal nuclei more easily and facilitate the growth of HDPE crystals. Under the vibration force field, because of decreased chains entanglement and obtained instantaneous impulses, the molecular chains and their segments are easily oriented, and the polymer chains can nucleate at a relatively higher temperature and form more perfected crystallites [8] , the lamellas thickness, crystallinity and melting temperature improve. The more perfect the crystal, the more complete the crystal, the greater the strength. And the speed of the disentanglement is related to the strength of the crystal. The stronger the crystallization, the greater the resistance to the movement of the tie molecule. At the same time, the greater the lamellas thickness, the greater the ability to resist the disentanglement [8] . Therefore, the slow crack growth resistance of HDPE Pipes prepared by vibration force field are improved. On the other hand, the quasi net structure [5] of the HDPE pipes chains can be obtained under the vibration force field introduced by the axial vibration of the screw, as shown in Fig.5 , which improves the axial strength and circumferential strength of the pipes simultaneously, and the biaxial self-reinforcement pipes can be obtained. When the slow crack growth of the pipes occurs under low stress condition, the quasi net structure all over the pipes generates resistance to the disentanglement of the tie molecular chain because of the entanglement between molecular chains and prevents the crack continuing to expand. All these can improve the slow crack growth resistance property of the HDPE pipes. 
Conclusions
On the basis of the results and discussions, the conclusions can be drawn as follows:
1. Compared with the pipes prepared by static extrusion, the crack growth rate of the HDPE pipes prepared by vibration extrusion is smaller. The vibration extrusion can improve the slow crack growth resistance property of the HDPE pipes.
2. The vibration extrusion is an effective processing approach for the microstructure development control of HDPE. By vibration extrusion, the HDPE pipes have higher melting temperature, higher crystallinity, larger crystal sizes, thicker lamellas and more perfect crystals. At the same time, the quasi net structure of the HDPE pipes chains can be obtained. All these are favorable for the improvement of the slow crack growth resistance property of HDPE pipes.
